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Chapter 1

INTRODUCTION

1.1 gggkgruund

The research described in the following report was performed under Con-
tract No. DA-22-079-eng-224 between the Waterways Experiment Stetion, a re-
search Tacility of the Coips of Engineers, Uanlted Stutes Army, and the Massae-
chusetts Institute of Technology. The work has been sponsored by: (1) the
Army Research and Development Program for Nuclear Weapons' Effects on
Structures, Terrains, and Waterways, Subproject 8-12~95-120; {2) the Army
Research and Develcpment Program fur Ground Mobility Research, Subproject
T70-05-400; and (3) the Defense Atomlc Support Agency, a joint agency of the

three armed services.

The previous research under this contract is described in (MIT 1959b).
The overall objective of this research is very adeguately described in that
report. Nowever, in summary, the ultimate aim of this research is an under-
standing, at the fundamental level, of the nature of the patterns of behavior
of soil media subjected to rapidly applied loads and of the mechanisms leading

to thes» behavior patterns.

1.2 Scope of research

The scope of the research under this contract is the same as described
in (MIT 1959). In this study of the behavior of solls under rapidly applied
loads, three approaches have been employed: (a) Research into the behavior
of soils under rapidly avplied loads in triaxial compression; (b) Research
into the behavior of soils under rapidly applied loads in one-dimensiounal
compression; and {c) a study of wave propagation in soil media.

In research studies of the behavior of soils in one-dimensional and
triaxial compression, a dead-end was rapldly reached since only the .total

applied stresses were known. It has thus become necessary to extend this
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research by introducing a program which involved the development and use of
devices for measurement of the pressure induced in the water occupying the
interparticle woids in the soil media at lhe encountered stress levels and

times of loading.

The work completed under this research effort during the period COctober
1959 to October 1960 has been or is being reported in three separate reports
as follows: (a) a rerort on the development and perfommonce of devices for
rapidly measuring pore-water pressure; (b) this report on triaxial compression
research; and (c) a report covering the work accomplished under the one-

dimensional compression and wave propegetion aspects of the research.

1.3 Triaxial compression research

The triaxial compression research performed in the past under this con-
tract and described in (MIT 1959b) has been conducted mainly on compacted soil
specimens. This research, while yielding much useful information regarding
the effects of the rate of strain on the stress vs. strain behavior of soil
media could not be expected to yield much information concerning the mechan-
isms of the observed behavior since one vital piece of information was missing.
Unless the results of research of this type can be analysed in terms of effec-
tive stresses, (total stresses minus the hydrostatic pressure in the fluid
phase) little knowledge can be gleaned regarding the mechanism which allows
solls to resist shear stress or the manner in which the rate of stress appli-

cation affects this mechanism.

During the past contract period (October 1959 to October 1960) considerable
effort has been expended in the development of a device allowing rapid measure-
ment of the pressure in the fluid phase of the soil media. This work has met
with considerable success and devices are now being used which permit very
rapid measurement of this pore water pressure. The state of development of
these devices as of October 1960 is described in a companion report. As non-
saturated soil media are three phase systems in which soll skeleton, fluid

-o.




and gas interact in a complicated manner to give the system its external
behavior characteristics, the best initial approach would seem to be through
saturated systems in which no free gas is present. Soil engineers are now

in general beginning to describe and explain effectively, in terms of effective
stresses, the behavior of saturated soils; thus, it was decided that a com-
prehensive investigation into the effect of rate of strain on the manner in

wvhich saturated soils resist shear stresses should be undertaken.

1.4 gcope of this report

This report contains descriptions and results of research into the
effect of rate of strain on the shear stress resistance of saturated fine-
grained soils. The following portion of this report contains three parts:
(1) description of static triaxial compression tests on a Ioess {repre-
sentative of a lean clay); (2) description of rapid triaxial compression
tests on this same scoil; and (3) s description of rapid triaxial tests on
a fat clay. It is, of course, necessary to completely describe in a con-
sistent manner the patterns of behavior of the two soils during static or
very slowly applied stresses before the relatlonship of the changes in these
behavior patterus to rate of strain can be determined. Thus "static” triaxial
tests form a very important part of ressarch into the response of soils to
"dynamic" loads.

1.5 Acknowledgements

Tre research work reported herein has been performed by the Soil
Engineering Division of the Civil and 3anltary Engineering Department.
Professor T. William lembe, as head of the Soil Engineering Division has
overall vespensibility for the work. Professor Rovert V. Whitman has immed-
iate responsibility for this work. This report has been prepared by Archie
M. Richardson, Jr. who, Logether with Nasim M. Nasim, carried out the research.
Both were Research Assistants during the period covered by this report.




Chapter 2

STATIC TRIAXTAL COMPRESSION TESTS ON SATURATED LOFRSS

2.1 Introduction

This chapier presents the results of a series of triaxial compression
tests on samples of saturated loess consclidated frem o slurry. A ioial of
eighteen tests were carried ocut. Sixteen consolidated, undrained tests with
pore pressure measurements were performed. Three of these were of s pre-
liminary nature performed on mecided specimens saturated by backpressuring.
Two tests were consolidated, drained tests. The results of these tests
are sumparized in Table 2.1, and detailed results are presented in the
various figures accompanying this chapter.

2.2 Properties of soil

The s01l used in this series of tests was a loess, typical of deposits
of the lower Mississippi River Valley. A 55 gallon drum of this soll was
received from the Waterways Experiment Station in December, 1958. The so0il
classifies as an ML eoil according to the Unified Classification System and
exhibits & Liquid Limit of 37% (34% to 40%) and a Flasticity Index of 11%
(&% to 14%). As is typical of windblown deposits, the grain size is rather
uniform, 72% of the particles falling within the silt size range. U% of the
particles are sand size ( > 0.06 mm.) and 14% ere clay size (< 2 microns).
The clay fraction is illite-montmorillionoid clay while the silt sized parti-
cles are largely quartz. A complete mineralogical analysis of this soil
along with other pertinent data appears in (MIT 1959b).

2.3 Preparation of samples

The main serics of fifteen consolidated drained and undrained tests was
performed using test specimens trimmed from & large cylinder of the soil
which had been consolidated from a slurry. The three preliminary tests were

performed upon specimens formed by pressing soll of a consistency lower than
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the iiquid limit but well wet of Proctor optimum, into a Teflon cylinder

l% inches in inside diameter. Specimens of the appropriate size were sub-
sequently trimmed from the cylinders extruded from this feflon mold. Of
course, the specimens formed in this manner could not be expected to be
saturated. Consequently, an attempt was made to caturate them following
triaxial consolidation by raising both the total 8ll around pressure (chaumber
pressure) and the pore water pressure by the same amount and thus diminish
the size of any air bubbles by driving air into solution and reducing the
volume of any remaining air (according to Henry's and Boyle's laws, respec-

tively).

Specimens for the mein series of test were prepared by consolidation
from a slurry in the following manner. A guantity of soil was removéd from
the drum, broken into small lumps and air-dried. The air-dried soil was
rassed through a mechanical grinder. This grinder is capable of grinding

a soil, such as the loess, mmtil all particles will pass a No. 100 sieve.

The ground Loess was thoroughly mixed with deaired, demineralized
water to a consistency well above the liquid limit, and this slurry was
lert to temper for 24 hours. Following tempering, the slurry was extruded
or atomized into an evacuated iarge consolidometer. A sketch of this large
consolidometer appears in Figure 2.1 while a schematic sketch of the method
of introducing the slurry is shown in Figure 2.2. Following the introduction
of the slurry, the top portion of the consolidometer was replaced and the
soil was consolidated. The load was applied in five increments, each double
the previous, the final increment being 1 kg./cm.g, i.e., 1/16, 1/8, 1/4, 1/2,
and 1 kg./cm.e. Each increment was allowed to vemain until 100% primary con-
solidation was complete, about 3 days. The final load of 1 kg./cm.2 was

permitted to remain on the sample for one veek.

Following consalidation, the soil cake (9% inches in diameter hy S%
inches high) was extruded and cut into 15 rectangular prisms. The water
content of the soll at this time averaged 32.L4%, The individual prisms were

stored by immersing them in a very inert, water repellent oil in an aquarium

5




TABLE 2.1

ENGINEERING PROPERTIES - SATURATED LOESS

1. Normelly Consolidated
¢! =0
26 1/2°

2. CC = 0,18

i

¢l

3. Cr = 0,04

)+. (p'e = 150
ce

5. === 0.13
Pe
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tank. (Mobil No. BB Transformer oil was used). Table 2.2 contains a tabu-
lation of the water contents of samples trimmed from these oil-stored prisms,
aend 1t will be ceen that wilh the exception of samples 2 und &, thers is

little indication of any water content change occurring during storage.

The preceding method of preparing deaired, saturated samples of re-
molded soil has met with considerabie success wien used to przpare samples
of fat clay. Approximately ons dozen batches of the Fat Cley (MIT 1959b)
have been prepared in this mammer aioug with several batches of minus 2
micron kaolinits, With few exceptions, excellsnt results were cbtained,
there being very little reason to doubt that the vast majority of samples
thus obiained have a degree of saturation of 100% and that the exceptions
were still very highly saturated, approaching 100%. However, difficulty
was experienced in preparing saturated samples of the Loess. When Loess
was mixed and atomized into the consolidometer at a water content wet enough
10 assure complete removal of air bubbles during the atomization process,
segregation of grain sizes was observed in the slurry following its deposi-
tion when the silt size particles settled and the clay size particles re-

Since the 14% clay portion of the Loess exerts a major influence on
its stress-deformation behavior, uny luss ur irregular disuvribuiion oF
fines seriously affacts the resulting behavior of the soil. As an example,
the first batch wvas quitas wet when placed, and the subsequent behavior was
s0 erratic as to warrant disposing of this batch (e.g., some of the samples
actually dilated during shear stress application as would be expected with
a dense silt, rather than decreasing in volume as is typlcal of a nomally
consolidated lean cloy. Converseliy, if the soil were to be placed in the
consolidometer at a water content low enough to preserve the original grain

size distribution, high degrees of saturation could not be obtained.

The final soil samples represent a condition midway between these
extremes. Consequently, the final samples exhibited msrked non-uniformities

along with incomplete saturation. The erratic water content versus logarithm

=Te




TABLE 2.2

DATA FROM STATIC TRIAXIAL COMPRESSION TESTS - SATURATED LOECS

NA
& ; 2
g A o % ]
£ ’g T g N
[} 5) (o] £~ @
ol + o @ 0 Xg
A \ b=l i ] £ K 27
S 3¢ B g% 8Y B & 44  Pore Pressure a g
= el P & co 1o \5 Ly Response Prior VRS
") H3a e &3 il 5 5™ to Backpressuring - % & &
» @8f % 2% & gl & 8% 8
& 88k 3 8& f£% M 1 min. 10 min. &
nl 8.0 1.0 & 22.3% 1.19 0 - %0 1.0
™ h.o o n.C.  21.2 1.5% 2.5 — 20 2.0
bie] 2.0 2.0 L.C.  23.6 5y 1.4 - %0 2.0
1 3.0 2,0 e, 2Lk 2.29 L.6 30 20 0.9
2 k.o k.o %.C. 24.8 1.ho 2.4 66 95 7.9
3 2.0 2.0 N.C.  28.0 57 1.08 &0 95 2.2
L 1.0 1.0 ®.C. 2%.4 LL 39 85 g5 1.95 .
5 8.0 k.o 2 25,4 2,27 2.2 68 68 2.0
6 8.0 1.0 8 26.6 1.22 -0.k 75 5 2.2k
i 8.0 2.0 L 25.6 1.57 +0.6 85 85 3.0
8 8.0 0.5 16 26.6 1.16 -0.65 6k 80 1.5
9 8.0 0.25 32 27.5 .93 -0.50 83 93 0.75
10 8.0 h.0 2 25.7 1.67 2.4 80 87 3.0
11 3.0 3.0 N.C. 24.3 2.29 0 0
12 5.0 5.0 N.C. 23,7 3.Eh 0 0
13 2.0 2.0 .. 29.5 .55 1.5% 85 98 2.6 .
14 k.0 o] N.C. 27.7 1.05 2.50 8L 96 2.0
15 8.0 6.0 N.C. 25.h 2,32 5.2 38 38 1.0 ’




of applied pressure data (Figure 2.16) and slightly nonconsistent behavior
during application of shearing stresses illustrates both of these conditions,
while the less than 100% pore pressure response is indicative of a degree of
saturation less than 100% (See Teble 2.2) This problem of obtaining uniform,
gaturated samples represents one of the drawbacks to utilizing this particular

soil type in any extensive research investigation.

2.4 mTriaxial consolidation

Individual specimens for triaxial testing were trimmed either from the
s0il extruded from the Teflon mold or from the scil prisms stored in oil.
A standard size of specimen 1.40 inches in dismeter by 3.15 inches in height
was chosen. Each specimen was placed upon a porous stone on the pedestal of
a triaxial cell of Norwegian (Geotechnical Institute design and menufacture
(NGT 1957). Six strips of filter paper, 3/16 inch in width, were affixed
to each spescimen at equal spacings and e.ctended vertically from the top
of the specimen down to and overlapping the circumference of the porous
stone. The drainage lines from the pedestal of the cell base, the :porous
stone and the filter paper strips had previously been filled or saturated
with thoroughly deaired water. A solid lucite tcp cap was placed atop 2ach
specimen, and each specimen was encased in two thin latex membranes separated
by & layer of silicone grease of the type used to grease stopcocks. The
membranes were sealed to the lucite top cap and to the triaxial cell pedestal
by four "0" rings, two on top and two on the bottom.

The triaxial cell cylinder was fastenad to the base and filled with
deaired water. A burette was affixed to the drainage line to measure drain-
age, and pressure was supplied to the chamber by the standard NGI constant
pressure cell (NGI 1957). In the sixteen tests which were to be run undrained,
the drainsge line was blocked following consolidation and backpressuring.
Therefore, as the water content could not change following the closing off
of drainage, the water content cbtained at the end of shear testing was that
existing at equilibrium under the effective stress system at 100% primary

consolidation.

.'-39.1




The resulits of triaxial consolidation are plotted in the usual water
content versus logarithm of effective consolidation pressure plot in Figure
2,16, Tt is apparent from this plot thet considersble scetter of data
occurs. An extreme ancmaly occurs between the water contents obtained
in the preliminary tests and those obitained in the main series. The most

important factor couirivuting to this scatier is probably the lack of
gaturation of the gamnles. Mich weight ia added to thia opinion by tha

following two observations: (&) the slope of both the normal consolids-
tion and rebound lines drawn for the preliminaxy series of tests almost
exactly parallels-the slope of the corresponding line for the main series
of tests, and (b) the plots of the stress paths (Figure 2.17) exhibit
behavior indlcstive of a higher i1sotropic consolidstion pressure. Correcte
ed points; based on these stress paths, have also been plotted in Figure
2.16. For thesz reasons, considerable weight has been given those points
exhibiting the highest water contents for any effective consolidation
pressure in drawing the normal consclidation and rebound lines.

Agsuming a specific gravity of solids, G_ = 2.76, the Compression

Index, Cc = 0.179, and the Rebound Index, Cr = 0.637, car be obtained
from the dsta plotted in Figure 2.16. It is also interssting to note
the close agreement with the ncrmsl consclidation lines oif the point
representing the average “as trimmed” water content plotted against the
vertical consolidstion pressure in the large consolidameter.

2.5 Trisxial Compression Testing - During Teste

Drained triaxisl compression tesis were performed on two samples,
both normslly consclidated; in Tests 11 and 12, In these tests; follow-
ing consolidation, defoxmation of the test specimen proceeded at & rate
of exisl strain slow encugh to allow complete dissipstion of excess
pore water prassureg. Thus the hydrostatic pressure existing in the
triexial chomber was the same as the effective miror prineiypal stress

acting on the szample. There are two drawbacks to thls type of test:
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{a) The length of time required for the test is, in most cases, excessive,
and. (b) cxcessive semple deformation is regquired to reach the meximum
deviator stress, and as o result, both piston friction and the validity

of the nsual aresa corrections give cause for grave concern. However,

these drawbacks are often offset by the relative ease of performsnce of
thils type of test which often leads to less amblguous results than those
obtained in other types of tests. As will subsequently be discussed,
recently advanced theories (HEHKEL, 1959) have led to a greater useful-
ness of this type of triexial test in allowing prediction of pore pressures
and stress paths in undraeined tests from the results of drained triexial

tests.

Table 2.3 is a tabulation of the restes of strain used in the
performence of the drained tests. Assuming fallure at 6% strain in Test
11 end 10% in West 12, tires to failure of 36.5 hours snd 41 hours, rew
spectively, were requir:d. BISIIOP and IEIIEL (1957), as a result of
experience in testing clays, indicate g time to failure of 30 hours as
a puide for a typical lean elay (Weeld Clay, Liquid Limit = 43¢, Plastic
Limit = 16%). On this basis, the rates of strain used in Tests 11 and

12 seem more than edequately slow to insure complete drainage.

The stress versus strain volure chenge data from Test 11 ere
plotted in Fisure 2,11 and for Test 12 in Fipure 2.12. Some evidence of
tire trouble encountered from piston friction is shown in Figure z.1l.

The points so indicated were obtained prior to a gentle rotation of the
piston. TFollowing thils rotetion, the loads as read on the proving ring
dropped to velues in leeping with the indicsted curve. Following a
leveling off of deviator stress almost no further trouble was experienced
viith piston Triction.

In Test 12, the semple was strained to approximately 3% and
the lond freme was switched off overnight (approxinately 15 hours).
During this time the semple continued to strain approximately 1/2% with

a resulting reduction in deviator stress. Following resumption of test-
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TABLE 2.3

DATA FOR HVORSLEV PARAMETER PLOT - LOESS
———Oj——ai.g _ o17% %
Test (F 1g. 2.2 G; Failure P, épe P, ‘
p-1 1.18 1.0 5.50 .209 .182
P-2 1.55 1.73 k.00 . 388 433
P-3 .57 1.05 2.00 .285 .525
1 2.29 3.4 8.00 .286 h26
2 1.40 2.25 k.00 .350 .563
3 .57 1.45 2.00 .285 .725
4 L .86 1.00 bl .86
5 2.27 2.69 7.08 .321 .380
6 1.22 1.ke 5.50 222 .258
7 1.57 1.40 6.10 257 229
8 1.16 1.17 k.73 .2hs5 247
9 .93 LT7 h.o2 .231 .191
10 1.67 2.22 7.08 .23%6 310
11 2.29 3.00 10.95 .209 27k
12 3.8k 5.00 13.50 .28k .370
13 .55 .89 2.00 275 ks
1h 1.05 1.5h4 k.00 263 .385
15 2,32 3.16 8.00 .290 .395
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ing, the devistor stress rose sharply at a more ur less constant strain,
straining graduelly began, and the resulting stress versus strain curve
became spvarently a continuetion of the curve prior to 'relaxation'.

The areas used in computing the stresses were computed in the
conventional manner considering both the volume change of the sample &z

recorded by the burette reading and the axiel strain of the semple.

2.6 Trisxial Compression Testing - Undrained Tests

Sixteen specimens were tested in undrained triaxial compression
following consolidation. 1In all of these tests, drainage from the semple
was closed off at the completion of the consolidation process and con-
nectlon was made to an appropriaste device for measuring the pore water
pressure. In the preliminary series of tests, connection was made to
a null balence type of pore pressure messuring system of Norwegian
Ceotechnlcal Institute design (NGI 1957). In the nmain series of 13 tests,
an automatic pore pressure measuring device was employed {PENMAN 195%),
In thls device, a sensing element detects any tendency toward migration
of water from or toward the test specimen. The output of this sensing
element controls a heater in a closed oil system. The expansion and
contraction of this oil prevents the migration of pore water snd operates
a Bourden gauge indicating the pressure necessary to accomplish this,

i.e., the pore water pressure.

In all cemples, the first step following connection of the
pore pressure measuring device wes to increase rapidly the triaxiel
chamber pressure and, at the same t:me, note the resulting increase in
pore water pressure, or pore pressure response., This response is a
good indication of the degree of saturation of the entire system (scil
semple, stone drainage connections and measuvring device). If the syzoizi
is completely saturated, the response of the pressure in the pore water
should be immediate and equel to the increment. of chember pressure, As
will be noted in Table 2.2, the response was poor in &lil cases. Since

conglderable care was exercised in assuring that the drainsre connec~
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tions and porc procours measuring device wors canpletely cuiluruied, the
most obvious source of the lack of good pore pressure response was the
less than 100% saturstion of the samples themselves. In order to offset

the effects of this poor pore praszsure re:

nmge . two steps were itnken:
(1) the samples wers backpressurcd as previously described; and (2)

the tests were run as constant volume tests by meintaining constant pore
pressures and adjusting the chember pressures in such & manner that

no flow of weter either to or from the samples ocrurred. Since

o=g0 - A, a change in O with a constant Z{ 1s equivalent to & correspond-
ing change in 4 with & constant oc.

aramarien sdernda nc‘ nuwancima Ahtadnad fwam +haoa
Yok WD W UL hadd  Guidil yua.c PICLOOUWLIC Ubvamidivw 4a el viseow

tests are plotted in Figures 2.3 through 2.10 and 2.13 and through 2.15.
In the main series of tests, ‘t;he,Ao3 , necessary to maintain a constant
volume, is plotted as an equivelent changa in pore presswre. In the
preliminary series, AUB is plott~d directly.

Two rates of strain were used for the main series of tests.
Tests 1 through 4 were parformed at a rate of strain of 10% in 6 hours .
end the remainder were performed st & rate of 10% in 12 hours. The data
give no evidence of any strain rate effect within the range.

2.7 Results of Triaxisgl Compression Tests on Loess

Enginesring pavemeters of behavior of the Loess sre presented
in Teble 2.1. All shear stremgth and pore pressure data sre listed in
Teble 2.2, TFigure 2.% is g plot of the stress versus strain curves
obtained from the main seriesz of tesis. The water contents obtained
from the undrained series of tests sre plotted agasinst the logarithm of
consolidation pressure in Figure 2.15.

2.8 Analysis of the Results of Trisxial Compression Tezts on Loess

One of the most informative ways of anslyzing the results of
undsrained trisxial tests is to plot the paths followed by the normal
effective stress and sheering stress on some paxrbiculer plene as the
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test progresses to failure. Three planes ars commonly selected for this
purpose: {1) the plane of maximum obliquity of strasses; (2) the plane
on which failure will ultimately occur, and (3) a plane at hSo to the
principal stress planes. {This is the plane of maximum shesy stress).
The last two planes are the most informative and the stresses on these
two planes are very closely related. The results of the normally ccn-
solidated tests are plotted thus in Figure 2.17 whila the results of the

overconsolidated tests are plotted in Figura 2.70.

In a plot of this type, the stress paths followsd in a conventional
drained test follow a path that starts at the particular value of the
chamber pressure and progresses to failure on a stralght line path in-
clined at hSO to the horizontal. These paths for Tests 1l and 12 are
shown as dashed lines in Figure 2.17. A lins connecting the points
representing failure stress conditions for these two tests, and pre-
sumably for any other drained test on normally consoliidated samples is
shown and is labeled the CD {{onsclidated-Drained) line. It is interest-
ing to note that this line, with minor exception, fails through points
of maximum deviator stress (but not points of maximum stress obliquity)

on the stress paths for undrained tests.

Apparently the specimens tasted In Tests 13, 14 and 15 were the
most fully saturated as they gave the maximum water contents when
plotted in Figure 2.16 and the stress paths from these three tests are
extremely typical of stress paths frem undrained tests on saturated
clay soils. Tests 1, 2, 3 and U present atypical stress paths. Rather
than commencing with a tangent having a negative slope or a slope of
infinity (both are typical), the stress paths from these tests commence
with tangents having a positive slopa. This behavior is typical of heavily
overconsolidated soils or of scils tested in situations where drainage
was known to occur. The most prohahle explsnation of the stress path
from thece tecte liss in +he lag in the nore prassure measuring systems.
Due to these lags, the volume of the specimens decrsased (as in a drained test)

prior to the detection of this tendency by the test operator. As the test progresses,




the stress paths merged with a hypothetical stress path from a test
normglly consolideied to higher pressure. The dotted curve extension
0 the stress path of Test 2 in Figure 2,1} represents an spproximation
to such a hypothetlcel curve. An assumption that the failure water
content of Test 2 is that attained by & consolidstion pressure of

k.75 kg/cm2 would move the point representing Test 2 to the right as
shown in Figure 2.16. This has &lso been indicsted in Figure 2.16 for
Tests L. 3 and L.

The sngle »< giving the slope of the CD Line in Figure 2.17 is
related to the usual ,O"errh'ained sngle of shearing resistance obtained
from a plot of shear stress on the failure plane at the time of fallure
plotied against the stress normael to the fallure plane at the time
of fesllure by the reletionship:

2ing = tan ol = 0.438; o' = 26°,

in Figure 2.20 in a manner similer to the normally consolid;ted tests.
Tabulated in this figure is the overconsclidatiorn ratio {OCR) pertaining
to each paxrticular test. This value is the ratio of the maximm past
pressure to the effecﬁive stress axlisting on the sgmple prior to

testing (i.e., OCR = %). A stress vector represeatimg an
aversge of Tests 1 snd 15 has been plotted to complete this plot with

@ stress path representing sn OCR = 1 (or normal consolidatiomn). These
stress paths are reasonably typicsl and a rather well defined "failure
envelope' can be drewn, as shown. However, the following anomalous be-
havior csn be seen in & close study of Figure 2.20: (1) the stress paths
of Tests 5 snd 10 showld coincide since the stress histories of these two

samples prior to testing are identical. The ket that the two stress paths do not




coincide probably reflects a rather basic dissimilaxrity of composition between
these two samples as the water contents are quite similar, and the difference 1
water content that does exist would tend to produce behavior differences opposite
to that observed in Figure 2.20. (2) Stress paths from Tests 5 and T proceed

to the assumed "fallure envelope" in a typical manner and then exhibit a pronounced
reveraal of hehavior, moving out into the domain past the failure envelope on a

path of almost constant deviator stress (i.2., by an increase of pore water

pressure).

The stress path of Test 10 exhibits & similar vhenomenon in & somevwhat
different manner. The divergence from typical behavior occurs before the failure
envelope is reached, and the stress path reaches and rides along the envelope in
8 somewhat atypical fashion. The explanation for this irregular behavior may be
found in the interreletionship between the fraction of the soill particles that
would behave as a granular media (i.e., the majority of the silt size) and the
matrix of fines behaving colloidally (i.e., the clay fraction). The failure
envelcpe as shown could then represent the stress behavior of the clayey matrix,
and the anomslies occur when the skeleton of silt size particles begins to con-
tribute to the behavior. The straight line approximation to the failure envelope
for this case can be described by the parameters b = intercept on y axis =
.32 kg/cn2 and o< = slope of fallure envelope = 'I‘an-l .370 or converted to q>’=
21 1/2°and ' = 0.3k kg/cme.

2.6 Idealization of the behavior of loess in triaxial compression

The preceding discussion points out the wide scatter of the data result-
ing from these triaxial compression tests. In this section an attempt will be
made to idealize the behavior in such & manner that future studies of the
effect of rate of strain on the stress vs. strain behavior msy be compared to

it.

Attention will be first directed to the normally consolidated tests.
In Figure 2.17, each stress path from an undrained test represents & line of
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constent water content. Tests 14 and 15 represent the typical behavior to be
expected. These two curves were "normalized" by dividing both toe ordimates
and abscissas of points on the curve by the pressure to which the particular
sample was comsolidated. 7These normalized poimts were plotted in Figure 2.8,
and a best fit curve rising to the consolideted-drained failure line was

drawa. Using the plot of weter comtent ve. logarithm of cousclidation pressure,
this normelized, idealized stress path was cxpanded to the family of curves ix
Figure 2.19. It has been proposed and data have been presemtad to support the
proposal (HENKEL, 1959) that such water contest comtours sre umique curves re-
lating the pore pressures developed im undraired tests to the volume changes
occurring in draimed tests. Hemkel's data are plotted in primcipal stress space
to obtain as genersl 2 reletiomship as possible, but the hypothesis is equally
valid for the simple type of plot showa here.

As each’ curve represents a comstant water contemt, it represemts the
stress path followed in an undrained test consolidated tc the pressure indi-
cated. For exampie, a sample of remolded loess, comsolidsted to U kg/cme,
should ideslly have a water comteat of 27.3%. If subjected to e uadraimed
trisxial compression test followisng comsollidation, it should follow the
effective stress path represented by the 27.3% water contemt comtour, reaching
the fallure emvelope at & deviator stress of 1.05 kg/cme° The totsl stress
path during testing is represeated by the dashed lime L4-B. The pore pressure zt
any stage im the test is the horizowtal distance betweem the total stress amd
the effective stress paths. At failure the pore pressure would be the norizomtal
distauce AB or 2.60 kg/cm?. The pore pressure parameter A squals

e 2.60
A (01—05) T 2x 1.05 ©

1.24

(SKEMPTON, 1954).

The dotted limes on Figure 2.19, starting at 3.0 kg/cm? and 5.0 kg/cm?

on the x axis amd risisg with a slope of hso, represent stress paths of draimed
triexial compression tests comsolidated to these chaumber pressures. If the
water contemt contours are umique,; the points where the siress paths cross
water conteat curves should yield the water comtemts existimg im the draimed

triexiel tests at these stress levels. Tests 11 and 12 are triaxial tests of
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this nature. Assuming a water content prior to application of the deviator
stress corresponding to Figure 2.19, and meking use of the volume change data
given in Figures 2.11 and ?.12, a comparison of predicted and actual wvater con=-
tents can be made. Thig comparison is made in Table 2.4, At first glance the
calculated water contents in Test 1) seem to present rather poor agreement with
the predicted values. However, closer inspection reveals the fact that dis-
crepancy occurs between the start of the test and point 2, with the difference
in calculated and predicted water contents remaining almost constant from point
2 to point 6 at meximm deviator stress. A study of Figure 2.19 leads to the
conclusion that as the stress path reaches the failure envelope, if the deviator
stress reaches a constant value, no further volume change should result with
additional straining. However, in the actual test, a2 volume change was occurring
as maximm deviator stress was reached snd continued to occur up to the end of
testing. If the volume change at the end of testing i1s used to compute the water
content in Table 24+ very close sgreement with the predicted velue occurs. A
possible explanation for this occurs in & non-uniform distribution of stresses
and hence & non-uniform distribution of water contents in such & test. This
variation in water content could have begun to occur at the beginning of testing
and reached an equilibrium distribution between stress levels represented by
points 1 and 2. Following the attaimment of & wmaximum deviator siress condition,
this special distribution of water content began once more to equalize itself;
becoming almost uniform at failure.

Test 12 presents calculated vs. pradicted values in quite good agreement
up to the stress level where relsxation was permitted. Following the resumption
of testing, these values diverged somewhat at large strains. Considering the
uncertainties involved in these types of measurements and prediction, quite
good agreement between the predicted and calculated water contents seem to be
attained.

No idealization of the overconsolidsted tests has been made. It is felt
that insufficient data is aveilable to allow resclution of some of the snomalies
apparent ir Figure 2.20. Howover, if some aversge path representing Tests 5
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TABLE 2.4

COMPARISON BETWEEN OBSERVED AND FREDICTED w~DRAINED TESTS - SATURATED LOESS

TEST 11
(i - 03) AV (ce) Volume Water Content Water Content
Point ) (Fig. 2.11) of Water  (calculated) (predicted)
(ce) 4 (%)
3 kg/cm2 0 0 33.5 28.1 28.1
1 -1 27 33.23 27.9 27.3
2 1.26 .70 32.80 27.5 26.6
3 1.63 1.18 32.22 27.2 26.1
4 1.95 1.57 31.93 26.8 25.6
5 2.20 1.9 31.58 26.5 25.3
6 Max (6; - 03) 2.¢ 31.50 26.2 25.2 !
7 End of test 3.25 30.25 25.4 25.2
TEST 12
0 0 0 31.6 26.6 26.6
1 .85 .58 31.02 26.1 26.1
2 1.48 .85 30.75 25.8 25.6
3 1.97 1.05 30.55 25.6 25.3
" 2.35 1.50 30.10 25.3 24.8
5 2.73 1.88 29.72 25.0 2k.6
6 3.05 2.30 29.3 2.6 24,3
7 3.30 2.43 29.17 2. L 2h.1
8 3.55 2.5 29.66 2k.3 23.8

Note: Water content at trimming = 31.2%
Volume prior to consolidastion = 80.0 cc
Specific gravity of solids taken as 2.77
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and 10; as is shown dotted in the figure, were assumed, the principal arrange-
ment would be resolved and a dimensionless piot coudd be produced by dividing
the ordinate and ebscissa of all points in Figure 2.20 by 8.0 kg/cm2 (the maxi-
mum past consolidation pressure). The resulting plot, it could be hypothecized,
would be general for any meximum past pressure.

2.10 Shear strength parameters at constant water content
If the shear stress on the fallure plane at the time of failu.re(‘ET,
1S plotted above the normal effective stress existing on this plane (G4 )

)

-

and this plotting »e done for conditions of constant water content at failure,
the so-called "true cohesion" (ce) and "true angle of internal friction” (‘Pe)
will be obtained (HVORSLEV, 1937). Such a plot, of course, can be done for
several water contents at failure. The plot can be made dimensionless by di-
viding the ordinate and abscissa of each point by the consolidation pressure
necessary to produce the same water content in a normally consolidated specimen.
If this be done, a single straight line will be obtained having the angle e
as its slope and intercepting the y axis at a value ¢{ . The best form for
such plotting with data slmilar to that cblainsd in this test is scen in Pigure
2.2. A best fit straight line through these points is drawn and Q) e and 9{
calculated as shown in Figure 2.21. With the exception of Tesus P-2 and P-3,
the line as drawn fits the points quite closely, and this plot seems to afford
the best means of generally describing inhe recorded shear strength behavior of

the Loess.

ue to the scatter of date in the consolidation water content plot
(Figure 2.16), the following method of determining en appropriate value for
p, was employed: (a) In normally consolidated iests, the actual consolidation
pressure was used. The assumption 1s that void ratioc at failure rather then
water content is the important criteria in the determination of shear strength
and that the vold ratio 1s a function of consolidation preossure regardless of
the degree of saturation; {b) Lacking such logical assumptions f'or the over-
consolidated tests, the equivalent comsolidation pressure was determined by
projecting the point vertically to the rebound line and from this interaction
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horizontally to the normel consolidation line. This determination is showm by
dotted lines in Figure 2.16. The date for plotting Pigure 2.21 are listed in
Table 2.3%.

2.1} Engineering parameters of shear strength behavior

The usual engineering shear strength plots have hbeen constructed in
Flgures 2.22 and 2.23. In Figure 2.22 1s plotted the schear ctress on the failure
plane at failure versus the effective stress acting normal to the fajilure plane
at failure. Fallure was assumed to occur on a plane represented by the point
of tangency of the Mchr's clrcle of stresses at failure to the resulting failure
envelope and when the condition of maximum deviator stress was reached in the
test. The plot in Figure 2.22 gives the envelopes to the Mohr's circles of
stress drawn in terms of the effective principal stresses existing at fallure.

Figure 2.23 presents the undrained shear strength (defined, in this
case, as cne-half the maximum deviator stress) plotted against the corresponding

consolidation pressure existing prior to the start of the test.

2.12 Summary and conclusions

The results of an extensive series of tests on a remolded Loess have been
presented. These results have been thoroughly analyzed and ideal behavior
patterns have been presented. It is apparent that there is considerable scatter
of the data. This scatter, it is felt, is due to difficulty in obtaining homo-
geneous, saturated test specimens. The observed behavior fiis the idealized
patterns only fairly well. The discrepancy, it is felt, is due not only to the
non-homogeniety and non-ssturation of samples, but may also represent some de-
viation frem typical behavior due to an Interaction of the behavior patterns of
the colloidal and granular fractions.,
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Chapter 3

RAPID TRIAXTAL COMPRESSION TESTS
ON SATURATED LOESS

3.1 Introduction

This chapter contains the description of a series of rapid triaxial
compression tests performed upon saturated, normaliy consollidated samples of
Ioess. This series of tests was of & preliminary nature, performed in the
planning stage of a research program on the nature of possible mechanisms
of the effect of rate of strain application upon the stress-strain benavior of

saturated soll media.

3.2 Description of the goil

The soil employed in this series of iests was the same soil used in the
static triaxial compression tests described in the previous chapter. A com-
plete description of this soil and listing of its engineering properties and
be found 4in Chanter 2 of this report and in (MIT 1959b).

- avatAaxtas At
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3.3 Preparation of test samples

The samples of saturated Loess for this series of tesis were trimmed from
a large “"cake" of the soll prepared by consolidation from a slurry in exactly
the same manner as were the samples employed in the static triaxial compressions
tests described in Chapter 2 of this report. Based on experience gained in the
preperation of the previous batch of soil, every ypossible precaution wes exer-
cised to insure that the samples were uniform, homogenous and saturated.

3.k Consolidation of trimmed test specimens

Trimmed test specimens were placed in a triangle chamber ¢ Norwegian
Geotechnical Institute design, modified to accept an appropriate load cell.
The specimens were set on the lucite pedestal of the load cell; six saturated
vertical filter strips were affixed to the specimens, and saturated porous
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stones were placed on top of each specimen followsd by lucite top caps having
provision for top drainage through coanecting lengths of seran tubing which
passed through the cell base plates. Each specimen was incased in two thin
latex membranes separated by a layer of silicone grease and sealed to the top
cap and to the load c¢ell piston by two rubber"o" ring seals.

Following the preparation of each specimen, the triaxial chamber was
sealed and filled with previocusly deaired weter, and the consolidation chember
pressure was applied. In all tests of this series; the test specimens were
allowed to proceed to 100% of primary consolidastion under a chember pressure of
4.0 kg/cm® (56.8 1b/in).

3:5 Rapid triaxial compression testing

The test series involved the testing of four identical specimens. Two
specimens were tested at a chamber pressure equal to the consolidation pressure,
while the other two were tested unconfined (chamber pressure = 0). In both
cases, testing was performed with the drainage line closed off (undrained), but

in the unconfined tects the chexmber pressure was released prior to testing.

Two rates of strain were employed, one fast and one slow, with one of
the confined and one of the unconfined specimens being tested at each strain
rate. The fast strain rate used was the fastest rate available on the MIT dynamic
load frame, T50% per second, while the slow rate was 0.15% per second, as fast
as was conslistent with visual recording of the axial load by proving ring readings.
The fast rate produced failure in a time on the order of 10 milliseconds while
several seconds were required to fail specimens using the slow rate. Loading at
the slow rate was accomplished using & standard mechanical load frame designed

and constructed by Wykeham-Farrance Engineering Litd. of Ducks, England.

3.6 Instrumentation

The instrumentation for sensing the applied load and resulting deflection
of the specimens teeted At the rapid rate of strain is; with the exception of

==

the load cell, the same as is fully described in (MIT 1959a). Briefly, the
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deflection sensing elepent is a D.C, strain gage slide wire poteniiometer which
is capable of sensing deflections in 0.001 inch increments, arnd the load
sensing element of the load cell is a force transducer wherein a bridge con-
figuration of unbonded strain gages senses the minute deflection of & thin steel
diaphram. The output of these sensing elaments is displayed on an oscillgscope
and the trace photographed by means of a Polaroid land camera attacthment.

In the slow test;, the output of the sensing elements was plotied directly
on a Moseley, Mcdel 4, X-Y Recorder. In Tests 2 and %, the pen of the X-Y
Recorder, which was recording strain, was activated at predstermined proving
ring leadings, allowing quite rapid recording cf the load deflection data. In
addition to the proving ring data, the output of the load cell was racorded in
Test 4 allowing s comparison of externally measured loads with those measured
inside the triaxisl chaxmber. This procedure allows some evalustion of the
possible error in the testing techniques due to piston friction.

3.7 The new load cell

In a discussion in (MIT 1959b), 1t was pointed out that the load cells
originaily designed for use with the MIT dyramics testing equipment were found
t0 be moderately sensitive to ervor due to off center loading and were rather
difficult to waintain as the Teflon membrane was prone to develop leaks, and

the replacement procedure was complicated. When a new design force transducer
(Dynamic Instrument Co., Carlton Street, Cambridge 39, Mass., Model FT) became
availsble, a new approach tc the load cell problem was possible. The load cell
described in this section is the first constructed using the force transducer.
Since this series of tesi, several varistions of the basic load cell have been

constructed.

The new load cell, pictured in Figure 3.1, has been constructed upon a
base similar to those employed in the old load cells so that it can be used in
the MIT modified N.G.I. triaxisl cells. Any horizontal component of load will
be resisted by a normal force between the lucite piston and the Teflon, is almost
frictionless, Thus the force transducer senses only the vertical component of
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the load applied to the piston. Prior to use, this load cell was carefully
calibrated against the proving ring employed in the tests at the slow rate of
strain, In addition, in order to investigate the possibility of any "strain-
rate effect” inherent in the load cell, it was loaded by means of a controlled
deflection of a calibrated spring at rates of loading representing the complete
range involved in dynamic soil testing. The cell was found to be free of any

3.8 Results of rapid triaxial compression tests on saturated loess

The stress vs. strain date recorded from this series of triaxial com-
pression tests on saturated Loess have been reduced and plotted in Figure 3.2
and 3.3. The loads as obtained from either the proving ring reeding or the loed
cell output, were divided by an area corrected for axial strain to obtain the
stresses vhile the deflectious were dlvided by a length of sample calculated
to exist following consolidation. These calculations were made on the following
assumptions: (a) water content at trimming equals 32.1% and the volume as
trimmed equals 80 cc; (b) the specific gravity of solids, Gy = 2.TT; (¢) following
consolidation the water content equals 27.3% (See Maure 2.156); (&) unit
during consolidation was the same in principal strain directions (i.e., isotropic
soll structure); and (3) during compression testing, the area is given by the

standard relationship assuming cylindrical deformation , Ag = Ay T.l_-§_ where
B r

Ag = corrected area at any strain level, A = area following consolidation and
£ = unit strain.

o doaar d an
Duialll

Assuning a "static strength" of 30 1b/in2, baged on the ideslized picture
of the behavior of the Ivess presented in Figure 2,19, the plot of increase in
strength over the static strength vs. the time of loading, Figure 3.4(a), has
been constructed. In this plot and the following plot, Time of lLoading has
the modified definition adopted in (MIT 1959b) (i.e., time to 1% strain)
meking it a direct measure of the rate of strain.
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In Figure 3.4 (b) the modulus to 1% strain has been plotted against Time
to Failure previously defined. The static modulus to 1% strain was cbtained
from Test 14 of the static triaxial test series described in Chepter 2.

3.9 Discussion and analysis cf results of rapid triaxial compression tests on

compression tests on saturated Loess

The following discussion is an attempt to develop some picture of the inter-
relationship of the various mechanisms poszibly contributing to the manifesta-
tions of strain-rate effect on the stress vs. strain behavior of saturated
samples of fine grained soils tested in triaxlal compression. The analysis
will undoubtedly oversimplify the behavior of this perticular soil in which
interaction between the silt sized bulk of the particles and their colloidal
matrix complicate not only the dynamic response; but, as hss previously been
pointed out, the static response aswell.

It 1s conceded by many; but by no means all, of the investigstors in
the shear strength aspect of soll mechanics research, that the strength of a fine
grained soil consists of two ccmporents, one dependent upon the relative-spacing
of scil particles at failure, as indicated by the void ratio, and the other de-
pendent upon the effective stress acting between these particles. At the writing
of this research report, the Test thet can be said is that for any failure water
content there exists a unique suc~~ ~*—~gth vo. effacrtive stress relationship.

A fine grained soi’ is . swnds, for this shear resistance and effective
stress relationship, upon its =tructure, vhere structure is aeiineu as wuc guawo
contribution of particle orisntation brought sbout hy the forces acting between
particles and by these interparticular forces themselves. In a saturated soil,
if T =L@ = (o~ ,L.L) (i.e., shearing resistence = function of the total
stress minus the pressure in the fluid phase), then changes in structure can
contribute to changes in this relationship either by altering the strength-
effective stress relationship or by affecting the mammer in which pore water
pressure is developed by the applied stresses and thus altering the effective

stress at failure.
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Both the manner in which the structure of a fine grained soil resists
shear stress applicatlons and the manner in which various components of this
structural resistance react to changes in rate of strain give an ideal fine
grained soil its typical strain-rate behavior pattern.

If pore pressure considerations are temnorarily overlooked, & first
step in understanding ideal behavior can be made. This step invoives an ideali-
zation of viscous vs. brittle behavior patterns as discussed in (MIT 1959b).
Briefly, a viscous strain-rate behavior pattern is one as idealized in Figure 3.58
ir which an increase in strain-rate increases the modulus of the stress vs. strain
curve, while an idealized brittle display is one in which the stress strain curve
rises sharply to a peak and an increase in the rate of strain causes simply an
elevation of this pesk with no hasic change in modulus. In solls, brittle be-
havior may be characteristic of a soll structure in vhich there is an actual
bonding or linkage between particles. The modulus of the stress vs. strain curve
is releted to the rigidity of an individual bond and hence is not effectively a
function of strain-rate, while an increase in rate of strain can statistically
arfect the number of bonds active at peak stress and thus raise the peak. Vis-
cous behavior, on the other hand, could be expected to occur in a soil where
parallel particle orientation leads to a structure whose strength arises from
forces acting between particles and thus could be typically viscous in nature.
Brittle velviul vouisd we oxnpciicd in & SCil haviug woBt hus peen chayesioslzol
ag a flocculated structure as would exist in normally consolidated clays with
the: annronrigte formation environment or in clays compacted wet of optimum
water content could be expected to display viscous strain rate behavior.

In an actual soll, the development of pore water pressure during the
application of shear stresses adds another complicating factor to the already
complicated picture, Pore pressures set up due to application of shear stresses
can best be described in terms of the pore pressure parameter A (SKEMPTON, 195k4),
where A is defined as Afo."A'g'_—a-;) (i.e., the ratio of change in pore pressure
during the application of a particular deviator stress increment to this deviator
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stress increment. In & saturated specimen, iested in triaxisl compression,

two mechsnisms by which rate of strain could influence the pore pressure

and thus affect the shearing resistance are: (1) the chenge in A at a point

in the specimen due to an increase in rate of atrain; and {#) chenge in overall
A value for the specimen as g vhole due to the effect of migration of pore
vater to or cway from the zone in which failure is taking place. As time is
required for the migration of porc water, this beeomes & time dependent

phenomenon.

Mechanlsm 2 is, of course, not fundamental as it has its roots in
the stress distribution in a trisxial compression specimen. This stress
distribution is little understood. BISHOP, BLIGHT and DONALD (1960), in
a study of the effect of rate of strain on hase pore pressure measurements,

have described this mechenism in the following manner:

Tre unequal distribution of stresses in s triexisl specimen occurs
due to end restraint at the base and at the csp. End restraint has the
effect in these regions of increasing oy slightly and comsiderably reduc-
ing the devistor stress (ol - 03)u The basic pore pressure equation
DA =B [oinA(Acrl-ch)]cu' be rearramged in the form A A= B[A oy~ (1-a)
(4301-1303)]. Both effects of end restraint will increase A /4 in the emd
regions unless A =>1. If the test is run slowly enough, the pore pressure
throughout the sample will be equalized by & flow of water within the sample.
This flow will be seen to decresse the strength at the mid-portioa of the
sample if A <1 and possibly increase 1t slightly if A>1l. Therefore, if
A <1, an increase in strength should occur if the test 1s run repidly emough
to prevent the migration of pore water, while if A >>1, the possibility of

a slicsht decrease in strength exists,

lechanism 1, the sltering of the A value of any element of the
50il is much more fundsmentel and reflects the nature of the soil structure.
A possible mechanism of this alteration is shown in Figure 3.5(c)., Im the

structure shown, the bonds at A are assumed to be somewhat viscous in nature.
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Under a2 slow stress application, the disgonal particle transiates as the
visvws contact at A permits this to occur. As this translation proceeds,
some of the forces maintaining equilibrium of particle spacing are dis-
turbed, a tendency for collapse and thus develcpment of positive pore
water pressure ensues. However, under a rapid application of load, the
viscous behevior at ithe contacts at A form, in effect, a hinge. Thus
there exists a tendency for rotation to occur which in the extreme,
could lead to the development of a negative pore water pressure. This
mechanism would therefore lead to an increase in strength as the rate of
strain is inereased.

With these points in mind, an anlysis of the rapid tests on the
saturated Loess may be undertaken. It is important to remember that these
tests were of a very preliminary nature, and hence the followlng discussion
represents more the manner in which such analyses may be made rather than
positive conclusions regarding this saturated Loess.

The results of the unconfined compression tests are plotted in
Figure 3.2. This soil tested in unconfined camression exhibits a gtrain
rate effect on maximum shear strength of sabout 10%., Thie stress-strain
behavior is indicative of behavior intevmediate between viscous and brittle
as both a general steepening of the stress vs strain curve and an elevation
of peak stress appear. As the mode of fallure of unconfined compression
tegsts is probably quite different from that of enfined tests, little

here can be learned regarding structure. Unconfined tests probably fail
due to splitting of the sample. This splitting induces a negative pore

water pressure which, according to the magnitude it develops, controls
the shear strength.

In Figure 3.6 is plotted 2 sireight line representing the relationship
between shear strength and effective minor principal stress at failure for
a water content of 27.3%. This plot has been constructed by expanding
Figure 2.21 for an eguivalent consolidation pressure of 56.8 lb/inz. If

i
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the devistor stress at fallure be plotted on this lime, the effective winor
principal stress &t failure cam be estimated. In these uncomfised tests,

the total mdnor primcipal stress is zero, smd thus the pore pressure at
failure cam be deduced, These pore pressure at fallure give a clue to the
probable cause of the strain rate effect ix the unconflned specimens. The
slow test failed et @ deviator stress correspomxdimg to a pore~water pressure
of 15.5 ].b_/in2 below atmospheric pressure. This Is substantislly the value
at which cavistation or vaporization of free water occurs at room temperature.
In order to cavitate, mucleatiom must occur, and a =ite for mucleatiom must
be foumd. Statistically, the search for a »ucleation site is time dependent,
snd water could be expected to obtaim am absolute temsiom in a rapidly loaded
specimen., Other phemomena substamtlating this expectatiom have been moted
(see WHITMAN, RICHARDGON amd JIRALY, 1961). The deduced pore pressure at
failure of 21.2 lb/in? below atmosphere im Test 1, the rapid test, then,

is the result of the rapid aspplicatiom of stress and gives rise to the

strain rate effect in this situstiom.

The results of the confir=d tests can be analyzed in a similax
manner. The stress vs strain curves as plotted in Figure 3.3 hint at
brittie pehavior. Botk the slow and fast tests yield shear strengihs
exceeding the assumed static stremgth by approximately 4O%. However, the
fast test ylelded a strength sbout 5% lower than the slow test. Hence,
the overall streagth increase over the static strength can be assumed as
pore pressure behavior attributable to mechemism 1, while the decrease in
strength from the slow to the fast rate could be atiributable to mechanism
2, since the sitstic A value for this soll is greater tham 1. However, it is
equally possible that thia decregse in streagbh 1s dve to a secatter in test
results and ie not a true behavior characteristic of the soil.

3.10 Piston Friction

Figure 3.3 proescnts imteresting dats on the possible iafluence of
piston friction in tests where the load is read extermally om & proving
ring. Test I was performed rewiing the Lioad extermally on a provimg ring




but also semdimg the load inside the iriaxlal chamber usimg the load cell. As
is appsrenxt, a possible plston frictiom effect of 10% cam occur. However, this
test, was quite extreme im that the chamber used was the ome custcuarily en-
ployed im the fast tests om the M.I.T. rapid load frame and was kmowm to

have a rather rough fitting piston.

5,11 Comclusioms
The results of e series of a triaxisl compressiom tests performed at
rapid rates of strainms have Teen presemted., The date obtsimable frem this
series of tests is summarized im Figure 3.4, but it is cautiomed agaim thut
this series of tests was of & prelimissary zature. Possible mechanisms
accouxting For straia rate effect im filas graimed soils have beeca presemted
and discussed smd the results of this series of tests have beem amalyzed in
the light of these mechenisms.

It was comciuded 1w Chapter 2 of this report thst the loegs greatly
deviated from ideal im its static stress vs. straia behavior. This compli-
cation of behavior makes the interpretatiom of these dymnsmic test results
guite difficuit. On the basis of these prelimimsry tests ocm the Loess, it
hag been decided 10 comceatrate resesrch efforts om the Fat Clay uatil
better techmiques of testing amd axalyzing results cam be developed.

In particular, before returmimg to rapld tests om the saturated
Loess, it is deemed mecessary to: (a) gain mew umderstanding of the behavior
of a predcmimantly fine graimed soil such a8 the Fat Clay, sad (b) develop
the necessary techmiques to determine experimemtally the various levels of
pore pressure obtalned ir these rapid tests.



Chapter b

RATID TRIAXIAL COMPRESSTION TESTS
ON SATURATED FAT CLAY

4,1 Intreduction

This chepter describes a series of rapid trisxial cumpression tests
on a saturated fat clay. This serles of tests was of a preliminary nature,
and, as with the rapid triaxial compression tests on the saturated icess,
wag performed as a part of the planning stage of an extensive program
investigating strain rate effects in saturated soils. A total of four
tests were performed, 2 normally consolidated and 2 overconsolidated. Two
strain rates were employed, one very rapid one and one slow, with one speci-
men of each stress history baing tested at each strain rate. The results
of these dynamic tests are compared with known behavior patterns for thils
s0ll obtained from previously performed static tests.

4.2 sS0il specimens

The s0il employed in this series of tests was the Fat Clay employed
in the static triaxial compression tests described in Chapter 5 of {MIT
1959b). The individual teet specimens were trimmed from prisms of soil
from Batch 3 as described in (MIT 1959b) and stored in oil, Batch 3 was
consolidated in June of 1959.

The testing of specimens from this batch at static rates was under-~
taken in Juliy of 1959. This series of dynamic tests was performed in
November and December of 1959. The possible effect of this storage period
is unknown at this time. However, concurrent studies at MIT indicate that
storage time differences of this magnitude influence comparison of test

rcoults only to a minor degree.

L,3 Triaxial consolidation
Following trimming the specimens were placed in NGI triaxisl cells
following exactly the same procedure used for tke tests on the Loess and
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described in Chapter 3 of this report. Two samples were normally consoli-
dated to 60 l'b/in2 in three pressure increments.

The two overcomsolidated specimens were normally consolidated to
120 l‘b/:i.n2 in four pressure increments and then allowed to rebound to
15 Ib/ineu It was originally intended in this test program that the stress
history prior to testing be such that all specimens would arrive at the same
water content. Considerable difficuliy was experienced in maintaining the
120 lb/:i.n2 consolidation pressure, and on two occasions this pressuvre was
lost overnight, and had to be restored in the morninz. Aec a result of this
cycling of consolldation pressures, the over-consolidated specimens arrived
at s water content a good deal lower than that anticipated.

4.4 Rapid triaxial compression testing

Following consolidation, the specimens were transferred from the cell
in which they were consclidated into another NGI triaxial cell having a
load cell in the base. This series of tests was performed prior to the
rapid triaxial compression tests on the Iosss and hence prior to the con-
s truction of the load cell described in Chapter 3. The load cell employed
in this series of tests was the medium capacity load cell described in

(MIT 1959e).

Tests were performed on the MIT dynamic load frame (MIT 19%%a) at
the two extreme rates of strain which this device affords. The fast tests
employed a rate of strain of 12 inches/second while the slow rate was D.1

inches/second.

The instrumentation for sensing and recording the load-deformation
behavior was that described in (MIT 1959a).
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k.5 Results of rapid triaxial compression tests on the fat clay

The stress vs sirain behavior cobtained in this series of four
tests is plotted in Figures 4.1 and #.2. In addition, the results or
static test M-8 from the series of static triaxial compression tests re-
corded in (MIT 1959%:) has been veplotted. No overcomsolidated static
test is directly compsrable to the dynamic tests plotted in Figure 4.2
so no such static curve is plotted. The stress levels were computed using
the racorded load and corrected areas computed in the manner discussed in
section 3.8 of this report but using the water contents appearing in Table
k.1, It is interesting to note that the lengths at the end of consolida-
tion computed on the basis of the agssumption of isotropic unit strain com-
pare quite closely with lengths carefully measured at this time. This
comparison is made in Table b.1.

Figure 4.3 is a reproduction of the water contents consolidation
pressure date for Batch 3 of the Fat clay appearing in (MIT 1955b).

A static strength value was obtained directly from test M-8 in
the case of normal consolidation and deduced as will be described in the
case of the overconsolidated specimens. The ratio of strength increase
over this static value is plotted egainst time to failure in Figure k.lha,
The pore pressure parameter A at failure, deduced as will be described,
is plotted against time to failure in Figure 4.Ub. In both these instances,
time to failure has the modified definition of time to one percent strain,
as described in (MIT 1959b).

4,6 Analysis and discussion of results of rapid triaxial compression tests

on the fat clay

A study ot Figures 4.1l and 4.2 can give scme insight into the role
that the type of structure plays in determining the shearing resistance
repose pattern, and the relationship of each to rate of strain. The stress
vs strain response patterns of the normally consolidated samples rise
sharply to peaks. The effect of an increase in the rate of strain on these
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response patterns is to elevate the peak strength with no substantial change
in initial modulws. This "brittle" behavior is indicative of a soil struec-
ture tending toward the "floecculated" type. In contast, the overcousolidated
specimens plotted in Figure 4.2 display behavior patterns in which the
effect of an increase in rate of strain is to increase the shear strength
both by an elevation of the pesk value and by & substantial increase in

the modulus or slope of the esrly portion of the streoss vs strain cuxrve.
This type of behavior containing elements of both brittle and viscous
strain rate characteristics is indicative of an effect of a structure
tending toward a dispersed or oriented particle arrangement but retaining

a considerable degree of random or "flocculated" arrangement. Hence 1t

may be assumed that the stress history leading to the overconsolidated
state attained in this series of tests tends to destroy some of the elements
of the flocculated structure present in the normeliy consolidated spec.mens
with a resulting improvement of the relative degree of particlie parallelism.

A discussion of the modes of structural contribution to the strain
rate effect is included in Section 3.9 of this report. The plot of strength
increase over static vs time of loading in Figure 4.la gives further evidence
of the viscous vs brittle aspects of structural behavior. The normally
consolidated specimens show a strain rate effect the major portion of which
occurs quite rapidly as the fast rate is approached. The increase in strength
with strain rate in the overcomsolidated specimens, however, occurs gradually.

The rapid increase in the first instance 1s what would be expected
from brittle structural behavior, while the second situation is highly indica-~
tive of elements of viscous behavior.

In Figure 5.8 of (MIT 195%b) {5 presented a Hvorslev Parsmeter Plot
for the fat cley which ylélded a true angle of internal friction ( Pe) =
112° and & true cohesion (e,) = 0.1k p_ where p_ is the pressure which
would produce the particular water content in a normally consolidated sample.
Subsequent work at MIT indicates that a more reasonable value may be <Pe
=17.1° and ¢ = 0.115 p,.
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The best estimate of the static strength in the overconqolida.ted
tests was arrived at by assuming am A at faijure (where A = K(o —-)- )
of 0 (which corresponds to tests Mh and Mlh in M.I.T. 1959Db. The £ ’cegts have
the seme nominsl stress history as those in the current series). Then, 05
at failure = 15 1b/in2c Using B = 17.1 and Co = 0.155 gives:

, Sir 9 Co Cos Py
{ = T e = -4 —— o,
ol = Tan 15t o, = .416 end b =X X TTETR 3 210

(see Figure 5.8 of M.I.T. 1950b). For a failure water comtemt of 30.5%
P, = 6.83 kg/en® (Figure b4.3). Therefore (o - 03) at failure =
2

b p, + 03 Ter~= 53.4 1b/in",

c Using these same values for the Hvorslev parameters (1.e. cpe = l'}’.lo
and = = 0.155), the values of 03 and thus 4{ et fallure canm be computed
im & Similar maneer: (= o5 = —3). These calculaticms are tebulstzld im
Table 4,1 and lesad to the A at failure values plotted im Figure 4. .hb,

Tecluded iz Sectiom 3.9 of this report is some discussiom of the manmer

)

im vhich pore pressure buildup amd pore pressure distributiom in trisxial
compression specimens are affected by & chsmge im the rate of straim amd
thus comtribute to the overall strais rate effect. To sumsrize, two
possible mechexisms were suggested. Mechanmism 1 is the chamge in A im
elements of the soll semple due to sam imcrease in the rate of straim, while
Mechanism 2 is & change im the overall A value of the specimen due to a

flow of water to or from zones of differemt stress conditioms.

Some deductioms regarding the mechanisms respomsible for the pore
pressure chamges with imcreased rate of straim mey be meade by: (1) looking
at the rearrangement of the basic pore pressure equation givex in Sectior
2.9: Au= B[A o) - (1-4) (& 0y~ Aosil; (2) moting that restraint st triaxial
specimen ends will temd to imcrease 9 and congiderably reduce (L\c -Acz)
over values im the mid-portiom; (3) amd observimg in +uis equetion that, if
A >0 (a8 ia a mormally comsolidated clay) the pore pressure st the base
will still be of the ssms order as that at the middle, while if A <0,
there exists the possibility that, in a rapid test, a considerably less
negative, or evem positive pore pressure could be developed close to the
ends with & megative pore pressure im the remaimder of the ssmpie.
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In a normally consolidated sample with A< +1 it can be expected
that somewhat higher pore pressures will exist in the regions of end re-
straint than in the center portion of the sample. However, it is felt
that the small flows necessary to equalize these differences will have
little effect on the average pore pressures at equilibrium, so that slight,
if any, strain rate effects due to this pore pressure mechanism 2 would
result.

In the overconsolidated sample, it is conceivable that, if a
test be run rapidly enoughto prohibit eny egqualization of pore pressures,
a less negative (or even positive} pore pressure would exist at the regions
of end restraint than in the central portion. Very little flow would seem
to be required to substantially increase (make less negative) the pore
pressure in this central portion since volume change is taking place on a
rebound or reconsolidetion portion of the water content vs effective
stress curve considerably flatter than the normal consolidation portion.
Hence, if the test be slowed to & rate allowing this equalization in pore
pressure to occur, Mechanism 2 will operate to reduce the strength.

Following this reasoning, the change in pore pressures due to
increase in rate of strain in the normally consolidated specimens which
occurs rather abruptly, can be adjudged to be mainly due to Mechanism 1
while the rather gradual increase in the case of overconsolidated specimens
can be adjudged to result from the presence of both mechanisms.

4,7 Conclusicns

Since a very limited numbexr of tests were performed and these were of
a preliiminary nature, no definite conclusions regarding the magnitude or
nature of the straln rate effect can be drawn. However, knowing that the
behavior of this soll is consistent, and follows predictable patterns, it
is felt that %he best initial approach to an understanding of the strain
rate effect in saturated =oils l1ies in a comprehensive study of this soil
under dyneric load conditions.
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In addition, it has become clearly apparent in these tests that
analysis of data, in terms of effective stresses, is extremely important
and that develoyment of effective technigues and devices for pere pressure

neasurements in rapid tests cannot be stressed enouch.
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SUMMARY OF CONCLUSIONS

Conclusions

The results and anslysis of an extensive series of "etatic"
triaxial tests on a remolded Loess have been presented. Tue

to considerable scatter of the data (probably caused by non-
homogeneous and not fully saturated test specimens and deviction
from idealized patterns of the colloidal and granular factors),
interpretation of these dynamic test results on the loess was
quite difficult.

The triaxial compression tests on the Loess performed at rapid
rates of strain canmot be fully analyzed until the discrepancies
in the "static" tests are removed. However, possible mechanisms
accounting for strain rate effect in fine grained soils have
been analyzed in the light of these mechanisms. On the basis

of these preliminary tests on Loess, it has been decided to con-
centrate research efforts on the Fat Clay until better techniques
of testing and analyzing results can be developed.

The behavior of the saturated cley in the triaxlal compression
tests at rapld rates of strain was consistent and followed pre-
dictable patterns. It is felt, therefore; that the best initial
approach to an understanding of the straln rate effect in saturated
s0lls lies in a comprehensive study of this soil under dynamic load
conditions. Since a very limited number of tests were run in this

magnitude or nature of the strain rate effect can be drawn.
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Future Research

A comprehensive study of the saturated clay under dynamic load
conditions is now underway. Results of the tests presented in this report
have made 1t increasingly apparent that analysis of data it terms of
effective stresses mist be emphasized and that effective techniques and
devices for pore pressure measurements in rapid tests are essential.
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